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Question

Do we really know
How a heavy quarkonium was produced

in high energy collisions?



A long history for the production

Q Color singlet model: 1975 — Cramatiogo

On|y the pair with right quantum numbers Berger and Jone (1981), ...

Effectively No free parameter!

3 Color evaporation model: 1977 — Fritsch (1977), Halzen (1977), ..

All pairs with mass less than open flavor heavy meson threshold

One parameter per quarkonium state Caswell, Lapage (1986)

0 NRQCD model: 1986 - QWG revew: 2004, 3010
All pairs with various probabilities —- NRQCD matrix elements
Infinite parameters — organized in powers of v and o

. 4. Nayak, Qiu, St 2005), ...
0 QCD factorization approach: 2005 - e i Stommaa 010,
P:>>M,: M, /P; power expansion + o  — expansion
Unknown, but universal, fragmentation functions — evolution

[ Soft-Collinear Effective Theory + NRQCD: 2012 -

Fleming, Leibovich, Mehen, ...



NRQCD - most successful so far

(J NRQCD factorization: & 4leading channels in v
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d Fine details — shape - high at large p;?

PRL 106, 022003 (2011)
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194 data pomts from 10 experiments, fix smglet <O[3S1[11]> =1.32 GeV3

<O['S,[®1]> = (4.97 + 0.44)-102 GeV3 <O[3S,[81]> = (2.24 + 0.59)-10-3 GeV3
<O[3P,81]> = (-1.61 + 0.20)-102 GeV5
x2/d.o.f. = 857/194 = 4.42

Butenschoen and Kniehl, arXiv: 1105.0820



Anomalies and surprises

d Theory - the state of arts — NLO:

< Very difficult to calculate, no analytical expression

hard to obtain a clear physical picture on how various states of
heavy quark pair are actually produced?

< For some channels, NLO corrections are orders larger than LO

questions whether higher order contributions are negligible,
while it is extremely difficult, if not impossible, to go beyond the NLO

d Comparison with data:

< Quarkonium polarization — “ultimate” test of NRQCD!

Clear mismatch between theory predictions and data

< Universality of NRQCD matrix elements — predictive power!

Clear tension between different data sets, ete-, ep, pp, ...



Theory predictions on J/ polarization

NRQCD CSM
. = 1 7 7
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Lansberg, 2009

< NRQCD: Dominated by color octet — NLO is not a huge effect
< CSM: Huge NLO - change of polarization?
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NLO theory fits — Butenschoen et al.
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NLO theory fits — Gong et al.
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NLO theory fits — Chao et al.
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Why high orders in CSM are so large?

Kang, Qiu and Sterman, 2011
d LO in &g but higher power in 1/p:

P/2

o _alpr)  CSMandNRQCD
LOin o P/2 o7 X s spin-1 projection
r NNLP in 1/p;!

d NLO in &g but lower power in 1/p;:

@ Relativistic

= projection to

.~ ‘ \ all
“spin states”

~NLO 0“3 (pT) 2/ 2
A as(p) log(p” /1) Ho 2 2mq
T

d NNLO in o but leading power in 1/p+:

2
A as(pT> m
NP i ® a3 () log™ (1% /1)
T

Leading order in « .~-expansion =\= leading power in 1/p-expansion!



QCD factorization approach

. . . Nayak, Qiu, and Sterman, 2005
O Factorization formalism: Kang, Qiu and Sterman, 2010

doa+B—H+x (PT) = Zd5A+B—>f+X(pf =p/2) ® Dpys(z,mq)

+ Y d6aypoi0aey+x (P(1 £ () /22,p(1 £ () /22)

Q) Dy /igaem) (%, ¢, ¢ M)
+ O(mg/pr)
. ) 1 ) 1—-C .
1 Production of the pairs: po = ;;Cﬁ, Po = chp
<> at1/mg: D u(z,mg, o)

< at1/P+: d5A+B—>[QQ(n)]+X(P[QQ]("3)7 1)

< bet : Dyt (2 mgu ) =

etween: (1) i H(Z,MQ, ) =

[1/mg , 1/P;]

m@
T2 (> [(z)® D[QQ(K)—)H({zi}me,,u)



Evolution of fragmentation functions

Q Independence of the factorization scale: "o " & andSterman. 2013

d
P —
FIY ocarpux(Pr)=0

< at Leading power in 1/P+: DGALP evolution

d g
Y Dps(z,mq, ) = Z o V5—j(2) ® Dyyj(z,mq, 1)

J
< next-to-leading power in 1/P€— New non-linear evolution!

d Qg
sDuyp(zomg ) =Y == 75— (2) ® Dgryi(2,maq, 1)

dln p - 2T
1 ozg
T Z zrf%[QQ (Z Gy C)®DH/[QQ(H (2,¢, ¢, mQ, ft)
p? == (2m)
[QR(K)]
d /
3 D110 (2, ¢, Cme, 1) = Z _K[QQ(c)] (2,6, ¢)

a1 4
e QO

®DH/[QQ(/£)](z7C7 Claanu)
O Evolution kernels are perturbative:

< Setmass: mg — 0 with a caution



Predictive power and status

O Calculation of short-distance hard parts in pQCD:

Power series in o, without large logarithms
LO is now available for all partonic channels Kang, Ma, Qiu and Sterman, 2013

O Calculation of evolution kernels in pQCD:

Power series in o, without large logarithms Kang, Ma, Qiu and Sterman, 2013
LO is now available for both mixing kernels and pair
evolution kernels of all spin states of heavy quark pairs

4 Input FFs at y,— non-perturbative, but, universal

A

DH/f(Z,mQ,,uo) DH/[QQ(/«;)](27C7C/7mQ7MO)
 Physics of the input scale: iy~ 2mg — a parameter:

% 4mg,
(4m3,) T

Different quarkonium states require different input distributions!

Evolution stops when log




Non-perturbative input distributions

O Sensitive to the properties of quarkonium produced:

Should, in principle, be extracted from experimental data

d Large heavy quark mass and clear scale separation:
po~mg >mqov  mmm)  Apply NRQCD to the FFs

< Single parton FFs - valid to two-loops: Nayak, Qiu and Sterman, 2005
Dy /(2 o, m@) — Z 5106()] (25 10, mQ)(O1g6(e) (0))INrRQCD
[QQ(c)] araitggéYuan, 1994
a, y oo

Complete LO+NLO for S, P states & NNLO for singlet S state Braaten, Chen, 1997
Braaten, Lee, 2000,

. . Ma, Qiu, Zhang, 2013
< Heavy quark pair FFs - valid to one-loop: :

Digaie-aru( 6 Ctma) = ) digam-iga() (s 6:¢'s 10 me) (Ol (0))nracn
[QQ(C” Kang, Ma, Qiu and Sterman, 2014
Full LO+NLO for S, P states is now available Ma, Qiu, Zhang, 2013

 No all-order proof of such factorization yet!

Reduce “many” unknown FFs to a few universal NRQCD matrix elements!
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Next-to-leading power fragmentation — Ma et al.

Ma, Qiu, Zhang, 2013

U Heavy quark pair FFs:
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Next-to-leading power fragmentation — Ma et al.

doayBou+x(pPr) = Y _déaipsix(pr =p/2) ® Duss(z,mq)
7

+ Y d6aspoi0am+x (P(1 £ () /22,p(1 £ () /22)
[QQ(k)]

®Dp /a2 €, ¢ mq)

O Channel-by-channei comparison:
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Next-to-leading power fragmentation — Ma et al.

doayBou+x(pPr) = Y _déaipsix(pr =p/2) ® Duss(z,mq)

f

+ Y d6aspoi0am+x (P(1 £ () /22,p(1 £ () /22)

[QQ(x)]

O LP vs. NLP (both LO):
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Next-to-leading power fragmentation — Ma et al.

Kang, Ma, Qiu and Sterman, 2014
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O Color singlet as an example:
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Summary

d It has been almost 40 years since the discovery of J/¥

O When p; >> mgat collider energies, earlier models calculations
for the production of heavy quarkonia are not perturbatively stable

LO in a .~-expansion may not be the LP term in 1/p-expansion

d QCD factorization works for both LP and NLP (o, for each power)

< LP dominates: 35?1 and 3P38][ ] channels
1

< NLP dominates: 1g'¢/ and S}’ channels
< From current data: 3P£8] likely to cancel 35£8]
the production dominated by ! g'¢!

Q A full global analysis, based on QCD factorization formalism
including NLP and evolution, is needed!

Thank you!
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Color singlet model (CSM)

Campbell, Maltoni, Tramontano (2007),

a Effectively No parameter' Artoisenet, Lansburg, Maltoni (2007),
) Artoisenet, et al. (2008)
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1 Questions:

< How reliable is the perturbative expansion?

< How to cure the IR singularities for P-wave quarkonia?



NLO theory fits — Y production

Cross section

Polarization
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Why such power correction are important?

Kang, Ma, Qiu and Sterman, 2013

=0

4 Leading power in hadronic collisions:

doap i = Y Gaja® P/ @ d6apsex @ Despr

a,b,c

d 1st power corrections in hadronic collisions:

H A?
T

or o[ Aaco
O\ 7pz ) @ Pus-n

(2mq)? 2)
Pz ) ®Pea-n

2 2
Key: competition between Pr > (2mqQ)” and D[(EQ)QHH > Den



Short-distance hard parts

. Kang, Ma, Qiu and Sterman, 2013
 Even tree-level needs subtraction:

(3) NG) (0) - (2) (1)
0 4q—100)s = Pai—10at)1s © Ploawi—0awe) T %ad—9 © Py 0a()

53 G me) (1)
) 945-QQlg — qq—>[QQ]g Taq—+9 O D5 10q) «—— |s(2mg)

3wl NaZ(n) (2mg)?

6 4
Pr Pr
(3)
9 9a—1QQ(0)]g

pd . ~ _1 Puny + nupy p
g%[QQ] P“ (p) a 5 ~Guw - p-n — - (p . n)QHMnV]
(3) _ 8may t2 + 42 1 N2 _1 4

HqJ%[QQ(a&]g B 2 (1-¢)(1-¢?) N 1+¢¢

Normalized to 2 —> 2 amplitude square



Evolution kernels

I i Kang, Ma, Qiu and St , 2013
d Evolution equation: ang, Ma, Qiu and Sterman

o
Oln p?

/
K, K =v,a,t

DQQ_[K]_;J/¢(Zh1 C1,¢2, /~‘2)

1 1 1
g dz
B Q_Wf z / 4 / APt (€15 2,1 20 2) D)+ (12 (15 Ca %)
Zh — _

J Evolution kernels:

( DQQ[vS]\ KiThi K2 72 0 0 \ ( DQQ[US]\
Do) Ri1 & R 0 0 0 Do)
0 Doglas) | _ @ | Ko T2 K1+ 71 0 0 & Do6[as)
Olnp? | Do) 2r | R2 0 Ry & 0 0 Dqgla1)
DHA 0 0 0 0 K 7/ Dsa
QQ[t8] 1 71 QQ[t8]
\ Dogia L0 0 0 0 R S ) \ Dooi

Example: K1 = Pug—v8 = Pug—as

NOTE: Our results are consistent with those by
Fleming et al. [arXiv: 1301.3822], but, a difference in logarithms



